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Magnetism and superconductivity in MsRh,Ge;; (M=Gd, Tb, Dy, Ho, Er, Tm, Lu, and Y)
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Low-temperature resistivity, magnetization and heat-capacity studies are reported for the isostructural
MsRh,Gey (M=Gd, Th, Dy, Ho, Er, Tm, Lu, and )series. Some of the compoundd € Gd, Th, Er, and
Tm) show multiple magnetic transitions below 15 K while oth¢k4=Dy and HQ exhibit only a single
magnetic transition. The four magnetic transitions observed feRG@e,, and ThRh,Geq are unusual in
that the one at the highest temperature is a second-order phase transition while the other three are first-order
transitions probably involving moment reorientations. An anisotropic exchange interaction is proposed as the
cause of the multiple transitions. Of the nonmagnetic compound&®h,Ge o shows superconductivity below
2.4 K whereas ¥YRh,Ge, remains normal down to 1.7 K. The results are compared with those of the
previously investigated\sir,Si;q series[S0163-18209)01613-4

[. INTRODUCTION stituents(taken in stoichiometric proportiopsn an arc fur-
nace under high-purity argon atmosphere. The purity of the
Ternary rare-earth silicides and germanides form in a riclrare-earth metals and also that of Rh was 99.9% whereas the
variety of crystal structures?> Some of them incorporate tra- purity of Ge was 99.999%. The alloy buttons were remelted
ditionally magnetic 8 elements such as Co, Fe, and Ni five to six times to ensure proper mixing. The samples were
while retaining their superconducting properties. It turns outnnealed under high vacuum (10torr) at 900°C for a
that in these compounds, thel 3atoms have no magnetic week. The x-ray powder-diffraction pattern of the samples
moment on them. However, they participate in building up adid not show the presence of any impurity phases and the
high density of states at the Fermi level which is responsibldattice constanta andc are in agreement with those reported
for the superconductivity. In particular, some rare-earth comin a previous study? The unit cell of the tetragonal
pounds with the tetragonal S2o,Si;; (P4/mbm) prototype  MgRh,Geyq structure is shown in Fig. 1. The Rh and Ge
structuré show the coexistence of magnetism and superconatoms form planar nets of pentagons and hexagons which are
ductivity with possible charge-density-wave ordering atstacked parallel to the basal plane and connected alamgs
higher temperatures.® One of the interesting features of via Rh-Ge-Rh zigzag chains. The pentagon and hexagon lay-
this structure is the absence of direct transition-transitiorers are separated by layers of rare-earth atoms. The Rh-Ge
metal contacts. The transition-metal atoms are connected @nd Ge-Ge distances are short indicating strong covalent in-
each other either through a rare-earth or Si/Ge atom. This ieractions. The values @& andc are given in Table | with
in marked contrast to the cluster type superconducting com-
pounds such agyIMogS; (Ref. 17 and MRh,B,,*® which
have been studied in great detail. Earlier studigd showed
that it was possible to form thd ;Rh,Ge,( series with heavy
rare-earth element&and also with Y. Since some of the
compounds belonging to the 5Ir,Si;, serie® exhibit un-
usual superconducting and magnetic properties, it was antici
pated that similar properties would be exhibited by the
MsRh,Ge o family. With this in view, as a part of our de-
tailed study of this series, we report resistivi—300 K),
magnetization2—300 K and heat-capacity2—35 K) mea-
surements foM ;Rh,Ge, (M=Gd, Tb, Dy, Ho, Er, Tm, Lu,
and Y). Our results for theMisRh,Ge,( series will be com-
pared with those from previous investigations of the
Mglr,Si; series. The results are divided into three groupings
(A, B, and Q to facilitate comparison among compounds
with nonmagnetic ground stat@), compounds that have
single magnetic transition®) and those which exhibit mul-
tiple transitions(C).

R Rb

FIG. 1. Unit cell of the tetragonal MsRh,Gey (M
Il. EXPERIMENTAL DETAILS =Gd, Th, Dy, Ho, Er, Tm, Lu, and )structure. There are 38 atoms
in the unit cell and the interesting feature is the absence of direct
Samples of thsRh,Ge o (M=Gd, Th, Dy, Ho, Er, Tm, Rh-Rh bonds. The rare-earth atom has three sites with different
Lu, and Y) system were made by melting the individual con- symmetries.
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TABLE I. Structural properties oM sRh,Geq. 300
Sample a(RA) c(A) V(A3
GdRh,Gey 12.984+0.005 4.296:0.005 239.7
ThsRh,Gey 12.954+0.005 4.2850.005 237.8 200
DysRh,Geq 12.932+0.005 4.266:0.005 235.3 -
HosRh,Geyq 12.9110.005 4.252-0.005 2335 §
ErsRh,Gey 12.880+0.005 4.2380.005 2314 %
TmsRh,Geyq 12.856+0.005 4.2280.005 229.8 <
LusRh,Geq 12.827-0.005 4.20%0.005 227.2 100

respective error. The temperature dependence of susceptibil-
ity (x) was measured using the Faraday method in a field of
4 kOe in the temperature range from 3 to 300 K. Isothermal .
magnetization studies in some of the samples have been car- 0 50 100 150 200 250 300
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ried out using a commercial superconducting quantum inter-

ference device magnetometéMPMS of Quantum Design
Inc., USA) at various temperatures. The resistivity was mea-

Temperature (K)

FIG. 2. Temperature dependence of resistivity) ( of

sured using a four-probe dc technique with contacts madgy,Rh,Ge,,and YsRh,Gey, from 2 to 300 K. The low-temperature
using silver paint on a cylindrical sample of 2 mm dlame_terp data for LuRh,Geyq (insed reveal the superconducting transition
and 10 mm length. The temperature was measured usinga& 2.4 K with a width of 0.1 K. The solid lines are theoretical fits.

calibrated Si diode(Lake Shore Inc., USA sensor. The
sample voltage was measured using a nanovoltnietedel

is in agreement with th&_ value obtained fromy data. The

182, Keithley, USA with a current of 10 mA using a 20 ppm  transition width AT,) of 0.1 K is much smaller than the
stable (model 220, Keithley, USAcurrent source. All the previously reported value of 0.6 ¥.In the normal state

data were collected USing an IBM Compatible PC/AT Via(5 K<T<25 K), the |ow_temperature dependence p)f
IEEE-488 interface. The heat capacity in zero field betweerould be described by the power law

2 and 35 K was measured using an automated adiabatic heat-

pulse method. A calibrated germanium resistance thermom-
eter (Lake Shore Inc, USAwas used as the temperature

sensor in this range.

lll. RESULTS

A. Normal nad superconducting state properties

p=po+aTh, 1)

and the fitted values gb,, a, andn are given in Table II.
For both specimens the optimum valuesa$ found to be 3
which agrees with Wilson’ss-d scattering model forT
< 6p/10.

At high temperatures (100 KT<300 K), thep data sig-

of LusRh,Ge;p and YsRh,Geyo nificantly deviate from linear temperature dependence as has

seen in many other compounds where thegalue is high.
) o o This occurs because the mean free path becomes short, of the
The dc magnetic susceptibilityy] of LusRhyGeyp in its  order of few atomic spacings. When that happens, the scat-
normal state ranges from 320~ * emu/mol at 250 K t0  tering cross section will no longer be linear in the scattering
1.6x10"° emu/mol at 10 K. Such a weak temperature de-perturbation. Since the dominant temperature-dependent
pendence ofy could arise due to two reasons. One of themscattering mechanism is the electron-phonon interaction
could be the presence of magnetic rare-earth impurities ifiere, thep will no longer be proportional to the mean-square
“pure” Lu (99.9% and we need at least 900 ppm of Gd t0 atomic displacement, which is proportional Tofor a har-
account for the observed temperature dependenge &i-  monic potential. Instead, the resistance will rise less rapidly
though Gd is a common impurity in Lu we believe that suchthan linearly in T and will show negative curvature
a large Gd concentration is unlikely. The second reasond2,/dT2<0). This behavior is also seen in previous studies
could be the temperature variation of the density of states &n, silicides and germanidés*
the Fermi level which results in a temperature-dependent oOne of the models which describe théT) of these com-
Pauli spin_susceptibility as seen in some of the A-15p0unds is known as the parallel resistor mddeln this

1. Magnetic susceptibility studies

compound$! Knight-shift measurements *fLu-NMR)
would be useful to resolve this issue.

2. Resistivity studies

The temperature dependence of the resistivity ©f
LusRh,Geg and Y;Rh,Geq is shown in Fig. 2. The inset wherep,.y is the saturation resistivity which is independent
shows that the low-temperatupedata for LgRh,Geq un-
dergo a sharp jump at 2.4 K which corresponds to the superesistivity. Further, the ideal resistivity is given by the fol-

conducting transition temperaturd@ ) of this sample. This

model the expression gf(T) is given by

1 _ 1 N 1
p(T)  pi(T)  pmax

2

of temperature and,(T) is the ideal temperature-dependent

lowing expression:
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TABLE Il. Parameters obtained from low and high-temperature resistivity fild Rh,Geg.

or T.) is the ordering temperature except fogRh,Ge;, which does not order down to 1.7 K.

To (Tn

Low-temperature fit To<T<30 K)

High-temperature fit (100 KT<300 K)

9583

Sample Po a n Pmax Po c b
u cm nQ cm/K" u cm u cm K
Gd;Rh,Gey 31.2 4.88 2 280 51 63 413
ThsRh,Geyo 33.0 1.05 2 465 49 500 277
DysRh,Ge;o 22.4 6.17 2 348 31 324 272
HosRh,Gey 16.6 5.9 2 201 40 553 477
ErsRh,Geyg 37.3 17.9 2 593 52 708 239
TmsRh,Gey, 235 225 2 507 59 464 214
LusRh,Geyo 87.4 0.56 3 445 60 713 123
Y:Rh,Geyo 8.22 0.42 3 167 19 412 500
T\3[6p/T x3dx where N is Avogadro’s numbery is the total number of
p1(T)=po+Cy 0_0) fo [1—exp —x)][expx) —1]’ atoms per formula unit, ankly is Boltzmann’s constant, we

3) estimate§p =232 K for LuRh,Gey and 6p,=273 K for
YsRh,Geyp.

wherep, is the residual resistivity and the second term is due

to phonon-assisted electron scattering similar tostltescat-

tering in transition metal compoundgy, is the Debye tem-

perature andC, is a numerical constant. Equati¢?) can be

derived if we assume that the electron mean free pash

replaced byl +a (a being an average interatomic spading  The temperature dependence of the inverse dc magnetic
Such an assumption is reasonable, since infinitely Strongusceptibility & 1) of MsRh,Gey, (M=Dy, Ho, Er, and
scattering can only reduce the electron mean free path to Tm) samples is shown in Fig. 4. The inset shows the low-
Chakraborty and Alleff have made a detailed investigation temperature susceptibility behavior of Dy, Ho, and Er
of the effect of strong electron-phonon scattering within thesamples. This inset indicates that Dy Ho**, and EF*
framework of the Boltzmann transport equation. Thgy ﬂ”dspins order antiferromagnetically below 6, 5, and 5 K, re-
that the interband scattering opens up neenclassical spectively. The high-temperature susceptibility (108<K

channelswhich account for the parallel resistor model. The —30 k) is fitted to a modified Curie-Weiss expression
values of the various parameters obtained from the highghich is given by

temperature fit to the model are listed in Table II.

B. MAGNETIC PROPERTIES OF
MsRh,Ge;o (M =Dy, Ho, Er, Tm)

1. Magnetic susceptibility studies

3. Heat-capacity studies &
The temperature dependence of the heat capady (
from 2 to 35 K for LuyRh,Geg and YsRh,Geg is shown in
Fig. 3. The inset shows the low-temperatu@g data for
LusRh,Ge. The jump in C, at 24 K (AC,=30
mJ/mol K) shows bulk superconducting ordering in agree- 50

ment with the above resistivity measurement. The tempera- o
ture dependence &, was fitted to the expression —g
3 5
Cp: 7T+ ﬁT ’ (4) OD'

wherew is due to the electronic contribution agdis due to 25

the lattice contribution. In the temperature range from 10 to
20 K this yielded 2.9 mJ/Lu mol Kand 2.95 mJ/mol Kand

1.6 mJ/Ymol¥ and 1.8 mJ/molK for y and B in
LusRh,Ge g and Y;Rh,Ge, respectively. For LiRh,Ge,

the value of the raticd C,/yT, is 0.9 which is significantly
reduced from the BCS value of 1.43. Low values of 0
AC,/yT. may arise from an extrinsic effect such as mag-
netic impurities or due to a two-band contribution similar to
the case of the LiFe;Sis series?* Using the relation

0 5 10 15 20 25 30
Temperature (K)

FIG. 3. Plot ofC, vs T of LusRh,Ge,g and Y;Rh,Geyo from 1.9
to 30 K. The inset shows the same plot from Io%tK to elucidate
(5) the jump at 2.4 K AC,=30 mJ/mol K) which demonstrates the

; 12 7% Nr kg\ 3
b ' bulk superconductivity.

5B
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FIG. 4. Variation of inverse dc susceptibility (1/ of

MsRh,Ge;o (M =Ho, Dy, Er, and Tmfrom 3 to 300 K in a field of H (Tesla)
4 kOe. The inset shows the behavior from 3 to 16 K. The solid
line is a fit to the Curie-Weiss relatiafsee text for details FIG. 5. Isothermal magnetizatigM) vs magnetic fieldH) at 5,
10, and 25 K of DyRh,Ge; and G&Rh,Ge;y. The nonlinearity in
C M vs H at 5 K agrees with the notion of antiferromagnetic ordering
X=Xo+ ——, (6) of Dy** spins and G#' spins whereas the linear behaviorfon
(T— gp) H at 25 K signifies that the sample is in the paramagnetic state at
whereC is the Curie constant which can be written in termsMS temperature.
of the effective moment as field (CEP. However, only below 100 K do thg data of all
) samples show a deviation from the Curie-Weiss plot which
MeeiX could be ascribed to the presence of crystal-field contribu-

C(emu K/mo)=

g (M) tions. Figure 5 shows the isothermal magnetization data of
DysRh,Ge g at temperatures of 5, 10, and 25 K. The nonlin-
Here, x is the concentration ofM ions (x=5 for ear behavior irM vs H at 5 K agrees with the suggestion of
MsRh,Geg), and o is given in terms ofug. The main  antiferromagnetic ordering of By spins. At higher tem-
contributions to the temperature independggiare the dia- perature T=15 K>Ty), one observes linear behavior in
magnetic susceptibilitywhich arises due to the presence of magnetization which characterizes the paramagnetic state.
ion core$ and the susceptibility of the conduction electrons.
The fitted values ofvy, uer, and 6, are included in Table o
lll. In each case, the effective moment is less than 5% The temperature dependence of the resistivity ©Of
smaller than the ideal, free-ion valuey, (which is also in- MsRhGeo (M =Dy, Ho, Er, and Tmis shown in Fig. 6.
cluded in Table Il for the purpose of comparigoAlthough The inset shows a drop in resistivity at 5.6, 6, 5.5, and 6.5 K
all four specimens were observed to order antiferromagneti/hich represent the antiferromagnetic ordering temperature
cally at low temperature, the fitted, values are negative (Tn) of MsRhGey for M =Dy, Ho, Er, and Tm, respec-

only for DysRh,Geyo and TmRh,Gey, which could be due tively. These are close to thig, values obtained from thg

S ] ._data. In the low-temperature resistivity data of JRh,Ge,
to the splitting of energy levels due to the crystal electrlca slope change is observedSak aswell as at 6.5 K. Hence,

TABLE Ill. Parameters obtained from the high-temperature sus-there is probably a second transition in this sample. In the

e e o . paramagnetic region (10 KT<30 K), the Ilow-
fﬁ:;f;'::tcyalﬁt/:l’ute Curie-Weiss relation iMsRh,Geyo. i is the temperature dependencewbdf all of these samples could be

described by the power law given by E{) and the fitted

2. Resistivity studies

Sample Xo Lot i 0, values Qf the parameters, a, andn are given in Table _II.
The optimum value ofi is 2 suggesting that spin fluctuations

Gd;Rh,Geyg 0.84 8.11 7.9 —25.95 dominate the electron scattering at these temperatures. At
ThsRh,Geyg —9.48 10.42 9.7 —245 high temperatures, the behavior is similar to that observed
DysRh,Geo 2.4 10.45 1063 —11.6 in LusRh,Geg and the data could be fitted to the parallel
HosRh,Ge o 2.4 10.07 10.4 25 resistor model. Estimated Debye temperature and other fitted
ErsRh,Geq 2.5 9.29 9.59 8.4 parameters are also given in Table II.
I{tht‘feio _(7):17 8.15 8.5 —35 3. Heat-capacity studies
YsRh,Geyg 0.29 The temperature dependence@yf from 3 to 35 K(3 to

20 K for TmgRh,Gey) is shown in Fig. 7. The antiferromag-
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300 . TABLE IV. Transition temperatures from different measure-
I ment techniques. Transition temperatures refer to antiferromagnetic
I ordering except when they are explicitly stated otherwise.
250
i Transition
temperature$Kk)

200 1 Sample Resistivity Susceptibility ~ Heat capacity
§ GdRh,Ge,  14,11,9,6.5 14,8.5,6.5 14,11,9,6.5
%1507 Tb:Rh,Ge, 11.553.5,2.5 113 11.5,4.5,3.8,3
* | DysRh,Gey, 5.6 6 6.2

. = - HosRh,Gey, 45 6 6.3
100 1 i ErsRh,Gey, 55 5 5.6,4.2
TmgRh,Geyp 6.5 6,6.9
50 Dy.Rh.Ge,.| LusRh,Geyo 2.4 2.4
?ﬂﬁ:ﬁ?&io ‘Other three transitions are not clearly discernible frgndata.
O o ®Superconducting transition.
0 50 100 150 200 250 300
Temperature (K)

value ofR In(2J+1) expected for a free iofalso included in
FIG. 6. Temperature dependence of resistivitp) (of  lable V for ease of comparispnThis confirms that CEF'’s
MsRh,Gey, (M =Ho, Dy, Er, and Tri from 3 to 300 K. The inset are important. The total entropy &t matches closely with
shows the low-temperature behaviormfrom 2 to 20 K. The solid that of doublet groun_d stat@possibly a doublet or a two-
line is a fit to the parallel resistor mod@dee text _Sl_lnglft_ gro)und state in case of the non-Kramer Hand
m°™ ions,

netic transition is observed as a sharp maximumTgat

=6.2, 6.3, 5.6, and 6.9 K foM=Dy, Ho, Er, and Tm, re- C. Magnetic properties of ThsRh,Geyo and GdsRh,Geyq
spectively. The origin of a small shouldet & K for
DysRh,Geq is not yet known. Further sharp transitions are . .
observed belowT at 4.2 K for EERh,Gey, (see inset of Fig. The temperature dependence of the inverse dc magnetic
7) and at 6 K for TgRh,Gey,. These most likely corre- Susceptibility ¢~ 7) of TbsRh,Gejo and GgRh,Geofrom 3
spond to first-order spin reorientation transitions. For ex{0 300 K is shown in Fig. 8. The inset shows the suscepti-
ample, in the case of Er it could be an incommensurate tbility behavior at low temperatures. Antiferromagnetic order-
commensurate transiton such as the one observed #R9 Of _Tb3+ spins is clearly seen at 11.5 K whereas a similar
Er,Fe;Sis. 2> These transition temperatures are summarizedransition for GgRh,Gey, occurs at 14 K. In addition to this

in Table IV. Included in Table V are the total entropies perMetamagnetic transitions are observed at 8.5 and 6.5 K for
unit rare-earth ion at both the Betemperature and at 35 K. G&RhGeyg. In both samples high-temperature susceptibil-

In each case, the entropy at 35 K is considerably less than tHf/ (100 K<T<300 K) is fitted to Eq.(6). The estimated
effective moments are comparable to their respective free ion

moment. The negative value @f, is in agreement with ob-

1. Magnetic susceptibility studies

200 HosRhyGeyg served antiferromagnetic ordering of *'band Gd* spins.
DysRhsGeig | 450 The values of the parameters are listed in Table Il for com-
ErsRhyGeyg parison. Figure 5 shows the isothermal magnetization data of
T“‘SR“"G‘}&@ GdsRh,Gey at various temperatures from 5 to 25 K. The
nonlinear behavior itM vs H at 5 K agrees with the notion
o 100 & of antiferromagnetic ordering of Gd spins. This nonlinear
= 3
e g
= = TABLE V. Parameters obtained from the specific-heat measure-
= 50 o ment inMsRh,Geyy. Entropy values are estimated for unit trivalent
© rare-earth ion and is the gas constant.
Tn(K)*
0 Sample K S(TW)/R 3 In(23+1) S(35 K)/R
GdRh,Gey 14 168 1 2079 1.998
TbsRh,Ge,  11.5 092 6 2565 1.3
-50 DysRh,Ge, 6.2 075 Lt 2773 1.59
Temperature (K) HosRh,Gey, 6.3 072 8 2833 1.73
ErsRh,Geyo 5.6 077 L 2773 2.41
FIG. 7. Plot ofC, vs T of MsRh,Ge,q (M=Ho, Dy, Er, and Tmi TmsRh,Geyg 6.9 0.77 6 256 1®

The calculated values of entrof, are also given in the same
figure, from 3 to 35 K. dEntropy estimates at 20 K.
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% (mol/emu)

o) GdsRh4GClO
B TbsRhyGeqg

0 50 100

FIG. 8. Variation of inverse dc susceptibility (1/ of
ThsRh,Ge,y and GdRh,Geo from 3 to 300 K in a field of 4 kOe.
The inset shows temperature variation of bgtnddy/dT from 6
to 20 K. The solid line is a fit to the Curie-Weiss relatisee text

for details.

200

Temperature (K)

120 T T T T T
100 F ° GdsRhyGeqq -

Cp /Sy (J/mol K)

0 5 10 15 20 25 30 35
Temperature (K)

FIG. 10. Plot ofC,, vs T of ThsRh,Ge;q and GdRh,Ge,o from
2 to 35 K. Four magnetic transitions of ¥h spins can be seen at
12, 5, 4, and 3.5 K. The sharp peaks below the second-order tran-
sition at 12 K suggest first-order phase transitions at lower tempera-
tures. Quadruple magnetic transitions of*Gdspins are also ob-
served at 14, 11, 8, and 6 K. The sharp peaks below the second-
order transition at 14 K suggest first-order phase transitions at lower
temperatures. The calculated values of entrBgyare also given in
the same figure.

behavior persists up to 10 K albeit with a much smaller

value. At higher temperaturel =25 K>Ty), one observes shows the low-temperatugedata on an expanded scale. The
the usual linear behavior in magnetization which character;, gata for TRh,Ge;, show a sudden drop in resistivity at

izes the paramagnetic state.

2. Resistivity studies

The temperature dependence of the resistivity ©f
ThsRh,Ge, and GdRh,Ge,q is shown in Fig. 9. The inset

180

140

T
O GdsRhyGeqg
160 o TbSRh4GCIO

10

T(K)

0 50 100

200
Temperature (K)

FIG. 9. Temperature dependence of
ThsRh,Ge, and GdRh,Gey, from 2 to 300 K. The inset shows the Observed sharp transitions at 5, 4, and 3.5 KOp data
low-temperature behavior @f from 2 to 16 K. The sharp change in Which are in accordance with data. The sharpness suggests
p implies multiple transitions in these samples. The solid line is a fitthat these transitions are probably first order and could be

to the parallel resistor modésee text

resistivity) ( of

11.5 K which is in agreement with antiferromagnetic order-
ing observed via dc susceptibility measurements. gltata
show kinks at 5, 3.5, and 2.5 K, which could be due to
multiple transitions involving Th" reorientations. Thep

data for GdRh,Ge,; also show a cusp in resistivity at 14 K
representing antiferromagnetic ordering of3Gd We have
also observed a change of slopespirdata (by computing
dp/dT, not shown in the figupeat 11, 9, and 6.5 K, respec-
tively, representing other transitions which have been seen in
x data. In the paramagnetic region (16<H <30 K), the
temperature dependencew€ould be fitted to the power law
given by Eqg.(1). The optimum value oh is found to be 2
and the values gb, anda are given in Table Il. This value

of n once again suggests the dominance of spin fluctuations
in the paramagnetic state at low temperatures. At high tem-
peratures, the behavior is similar to that observed in other
compounds of this series. Resistivity data could be fitted to
the parallel resistor model. The values of the fitted param-
eters are also given in Table II.

3. Heat-capacity studies

The temperature dependence@f from 1.8 to 35 K of
ThsRh,Gep and GdRh,Geyg is shown in Fig. 10. The large
jump at 12.0 K AC=35 J/mol K) in C,, of ThsRh,Geo
shows the bulk nature of magnetic ordering which has been
seen in susceptibility and resistivity data as well. We also

due to spin reorientation below the second-order antiferro-
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magnetic ordering at 13 K. Entropy at 35 K is found to be 16
10.82 J/Tb mol K which is much less than expected value of M.Rh,Ge,,
RIn(2J+1) and this indicates the presence of crystal-field 4L
contributions. In GgRh,Geyy, large jump at 14 K AC

=40 J/mol K) shows the bulk nature of magnetic ordering as
seen in susceptibility and resistivity data. However, further
transitions are seen at 11.5, 9, and 6.5 K in@hedata which

are in accordance witlp and y data. The origin of these
first-order transitions may be due to spin reorientations be-g
low the first antiferromagnetic transition at 13 K. Entropy at . 8
35 K is found to be 16.6 J/Gd mol K which is close to the &
value of RIn(2J+1). 6L

IV. DISCUSSION 4+

From Table II, most of the samples have resistivity values
typical of rare-earth compounds at low-temperatures excep
LusRh,Geg. This is due to the inherent disorder in the
structure which arises because of the smallness of the size ¢ 0 . T T T . .
Lu®* ion. The low-temperature resistivity of the rare-earth Gd Tb Dy Ho Er Tm Yb
compounds containing magnetic elements shicivdepen- Element
dence suggesting the dominance of spin fluctuations. Al-
though we could fit the high-temperature dependenge tof

th? paralLel reS:jSt]?r mod@ﬁef_Taé)le “SUCCESSfu"){{ tE@D bdashed lines represent the scaling law where only spin quantum
values obtained from such fits do not agree with those o numberSis used whereas the solid lines are for scaling law using

tained from heat-capacity data for at least two nonmagnetig,, quantum numbe (de Gennes scaling, see text for defails
compounds (¥Rh,Ge, and LuRh,Geg. One of the
causes could be due to anharmonic contribution which is n
considered in the parallel resistor model. The valuegof;

FIG. 11. Plot of the ordering temperatures of the compounds of
the seriesMs;Rh,Ge,y (M=Gd, Th, Dy, Ho, Er, and Tm The

Oéompounds except in the case of B#,Gey where there is
no CEF contribution. It is well known that the CEF can

. S i ré‘?}hance or in some cases decrease the magnetic transition
inapplicability of parallel resistor model to these Samplestemperatur@ and this could, in principle, account for the

More investigations are clearly needed here to understand ﬂ?:ﬁfference between the observed data and the de Gennes
transport properties of these compounds. We now turn o

Wealing. If we add the CEF terms to the exchange Hamil-
attention to some of the systematic trends observed in th 9 9

e . . . "

data. We find single magnetic transition in JR,Ge,, and S:Jserlzﬁ,ré)gz can write an expression for the transition tem
HosRh,Ge g whereas BRh,Ge o and TmRh,Gey show
double transitions. Four transitions are observed in 2 2 010
GdsRh,Geyo and TRRh,Geyp. In general, the antiferromag- _ 2697 1),z exp(— 3823/ )
netic ordering temperatures for a series of isostructural and
isoelectronic metals are expected to scale @s-(1)% J(J
+1) whereg; is the Landeg factor andJ is the total angular  whereG is the exchange constant for thé d4toms and) is
momentum of the local moment. If the angular momentum ighe crystal-field parameté?.Since Gd is arS-state ion, its
quenched thefy is expected to scale &S+ 1). ordering temperature can be used to fix the value of the ex-

The solid line in Fig. 11 represents the ordering temperachange constant. However, we find that the calculated values
tures expected for various compounds based on heavy raref Ty are lower than the observed valuesTqf if one uses
earth elements of the seriédsRh,Ge, normalized to the the Bg values from our preliminary CEF analysis. Hence, we
observed ordering temperatuifeghest ongof GdsRh,Ge;,  believe that the main reason for the discrepancy between
sinceSis a good quantum number in this case. The dashedbservedry and that found from de Gennes scaling may not
line is obtained by similar normalization to the observed or-be due to CEF's.
dering temperature of G&h,Gey and gives the ordering Usually one observes at best only two magnetic transi-
temperatures for the case wheres the good quantum num- tions in Gd-based intermetallic compourfds® Hence,
ber. From Fig. 11, it is evident that the ordering temperatureshe observation of four transitions in glh,Ge, is a unique
of the compounds do not follow the de Gennes scalipg ( feature and to the best of our knowledge has not been re-
—1)? J(J+1). The fact that many of them do not follow the ported in any Gd-based intermetallic compounds. The
de Genne¥ scaling implies that the main interaction leading sharper fall inC, at 14 K on the high-temperature side prob-
to the magnetic transitions in this series is not the Rudermarably implies a usual second-order transition whereas the
Kittel-Kasuya-Yosida(RKKY) interaction. All compounds other three sharp transitions which occur at low temperatures
containing the magnetic rare-earth elements approximatelgould be due to successive spin-reorientation effects. The
show an entropy change @&In2 at T, which implies a slope @x/dT) changes in the magnetization data at these
doublet ground state. Large contributions from the CEF’s aréransitions are in agreement with the suggestion of first-order
evident since the full entropy is not released at 35 K in alltransitions. However, at present, this is only a conjecture

®

Tn= 012
EJZ[EXFI —3B3J;/Ty\)]
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which has to be verified by direct microscopic techniquegare-earth atoms in the unit cell with at least two different
such as magnetic x-ray scattering and electron-spin ressite symmetries. Single-crystal studies are useful in this case
nance. Neutron-scattering measurements are difficult due @nd efforts to grow them are in progress.

high absorption of neutrons by Gd and Rh. In general, as we Finally, in the structure of th#slr,Si;, series(as in the
have stated before, the magnetic ordering temperatures 68se ofMsRh,Geyo), there are multiple sites for the rare-
compounds based on rare-earth elemef@specially the earth atoms and .the minimum distance between any two
compounds containing heavy rare-earth elemeitsthe rare-earth atoms is greater than 5 A. Moreover, the bond

same series follow the de Gennes curve implying that théliStance between rare earth’s in any one of the three sites
RKKY interaction is the dominant interaction term. How- With the Ir atom is greater than 3 A. These distances are large

ever, this is not so in thal.Rh,Ge,, series. Hence, the enough so that the exchange interaction between the mag-

magnetic ordering is not entirely due to isotropic exchang etic rare-earth atom and the conduction electrons is weak.

. : : ; hat is why the antiferromagnetic ordering temperature in
RKKY). One of the interactions which could be dominant L . S
gere is)the anisotropic exchange interactibn. MslrySiyo is quite low. Although theMsRh,Geyg series is

. . . tructurally similar to théVi5lr,Si ries, iti it ibl
In the case of # systems, there is a large spin-orbit cou- 5 -Cio @y simrar to MslrySiyo series, itis quite possible

. . " X that the presence of Rh increases the conduction electron
pling because the orbital contribution to the magnetic mo

; . . .~ density in MsRh,Gegy as compared taMslr,Si;y which
ment is only partially quenched by the crystal field. This cq 14 account for the higher values of their magnetic order-

means, because of the highly directional nature of the 4,y temperatures. The absence of the charge-density-wave
orbitals, that the exchange between tivions may be ex-  transition inMsRh,Sny, series could be due to their larger

pected to contain certain anisotropic terffisyhich depend  ynit-cell volume compared to that of théslr,Siy, series.
on the angles between the magnetic moments and the crys-

tallographic axes as well as on the relative angle between the V. CONCLUSION
magnetic moment vectors. The presence of such anisotropic

interactions. haye bee.n .demon_strated by Birgeneau a?ﬂg in all compounds of the seridd sRh,Gey, containing
others®® This anisotropic interaction causes the canting o

X . ~'magnetic rare-earth elements below 15 K. Some of them
the local moments only if the total symmetry is the same ingyipit multiple magnetic transitions which we ascribe to the
the canted as well as the uncanted state. The canting anglee{ﬁisotropic exchange interaction, except for those of
usually of the order of the ratio of the anisotropic to iSOtrOpiCGdSRmGelo. The nonmagnetic sample tRh,Ge;, shows
exchange interaction. Such a theory, in principle, could acpk superconductivity at 2.4 K whereagRh,Ge,, remains
count for the multiple transitions in systems whereé0,  normal down to 1.7 K. The magnetic ordering temperatures
such as, TERh,Ge,. However, such a theory cannot be of MsRh,Ge,, are larger than those of thélr,Si;, System.
used for GgRh,Geg sinceL =0 in this case. Here we must The unusual multiple transitions observed in;8H,Ge,
also mention that the situation in &Rh,Ge, and and TlyRh,Geydeserve further studies, preferably on single
ThsRh,Gey, is quite complicated due to the presence of 10crystals.

To conclude, we have observed antiferromagnetic order-
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